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Orbifold Line Topology and the Cosmic Microwave Background
Ben Rathaus,∗ Assaf Ben-David,† and Nissan Itzhaki‡
Raymond and Beverly Sackler Faculty of Exact Sciences,
School of Physics and Astronomy, Tel-Aviv University, Ramat-Aviv, 69978, Israel
We extend our study of a universe with a non-classical stringy topology, and consider an orbifold
line topology, R × R2/Zp. This topology has a fixed line and identifies each point in space with
p − 1 other points. An observable imprint of an orbifold line on the CMB is the appearance of up
to (p− 1)/2 pairs of matching circles. Searching the WMAP data for matching circles, we can rule
out an orbifold line topology with p up to 10, except for p = 8. While the significance of the peak
at p = 8 varies between data releases of WMAP, it does not appear in Planck data, enabling us to
rule out p = 8 as well.
I. INTRODUCTION
It has been known for quite some time [1–7] that
matching circles in the cosmic microwave back-
ground (CMB) sky is a possible way to detect a
non-trivial topology of the universe. So far, the
main focus was on classical topologies that contain
no singularities, such as R2 × S1 [1–13]. In string
theory, however, the class of allowed topologies is
larger, as string theory resolves a certain type of
singularities, known as orbifolds.
In a previous work [14] we have considered the
possibility that the topology of the universe is that
of an orbifold point, and found limits on the dis-
tance to the orbifold point. Here we extend our
search for an orbifold line.
As was shown in [14], while imposing an orb-
ifold symmetry on the standard inflationary setting
breaks both homogeneity and isotropy, it does not
break Gaussianity. Such a symmetry only changes
the two-point correlation function of the fields.
Furthermore, as a symmetry with fixed points is
only consistent in string theory, one would expect
stringy degrees of freedom to affect the inflaton
potential. Indeed, the effects of stringy models of
inflation have been extensively studied in various
works, e.g. [15–21] (for a very recent discussion
on string inflation after Planck, see [22]). How-
ever, as discussed in [14], in the setting considered
here, the extra degrees of freedom are confined to
the fixed points and do not propagate away. As
long as we assume that the string scale is much
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smaller than the Hubble scale during inflation, the
confined stringy modes do not affect the inflaton
power spectrum. This way, as long as we are not
interested in the physics close to the fixed points,
we can simply impose the orbifold symmetry on
the existing fields in the usual inflationary setting
without affecting the potential and regardless of
the extra degrees of freedom. We stress that the
model explored in this work does not provide an
alternative framework for the recreation of matter
after inflation, nor does the discovery of a stringy
topology falsify inflation in any way. The model
merely predicts how an orbifold line topology will
be manifested in the CMB when considered on top
of the standard ΛCDM cosmology in a generic in-
flationary setting (for more details see [14]).
The paper is organized as follows. In §II we re-
view the observable imprints of an orbifold line
topology, and devise a score to efficiently search
for these imprints. We summarize the results of
testing this statistic on WMAP data in §III, com-
pared with results from Monte Carlo simulations.
Finally, in §IV, we discuss the results.
II. ORBIFOLD LINE TOPOLOGY
A. Identification and Matched Circles
We consider an orbifold line topology, that can
be expressed as R×R2/Zp, the quotient space un-
der the action of the cyclic group Zp, where p ≥ 2
is an integer. This space is described by the metric
ds2 = dz2 + dr2 + r2dϕ2, (1)
with the identification
ϕ ∼ ϕ+ 2π/p. (2)
2FIG. 1: An illustration of the 3 wedge-like replicated
sectors and the fixed line of a p = 3 orbifold line topol-
ogy. Each point in space is identified with all other
points that are rotated by an integer multiple of 2pi/p
around the fixed line, so the identification is between
planes.
That is, R3 = R × R2 is divided into p replicated
wedge-like sectors. Every point is identified with
p−1 other points, one in each of the other sectors.
This identification has a fixed line, where all the
sectors meet (see Fig. 1).
It is apparent that the identification (2) is be-
tween planes, and that the intersection of these
planes with the last scattering surface (LSS) are
circles. Therefore, if the universe has an orbifold
line topology and
r0 <
r∗
sinπ/p
, (3)
where r0 and r∗ are the distances to the line and
the LSS, respectively, we expect to find pairs of
matching circles in the CMB sky, as illustrated in
Fig. 2. In fact, matching circles are still expected
even if the line is outside the observable universe,
r0 > r∗, as long as (3) is satisfied. These circles,
like any matching patterns caused by a non-trivial
topology, have a characteristic width of ∼ 1◦, cor-
responding to the thickness of the LSS.
The separation angle between the centers of the
two circles is π(1 − 2/p). While for p > 2 the two
circles are distinct, for p = 2 the separation angle
vanishes, meaning that in this case, the two cir-
cles are actually the same one, viewed in opposite
orientations. We consider such a circle as half a
pair.
Furthermore, if r0 < r∗/ sin 2π/p, more than
a single pair of matching circles will appear, but
never more than (p − 1)/2 pairs (with the defini-
tion of half a pair as above). The n-th pair will
appear once r0 < r∗/ sinnπ/p, with a separation
angle of
θ(n)p = π(1 − 2n/p), (4)
and with the opening angle α of each circle satis-
fying
cosα =
r0
r∗
sinnπ/p. (5)
We note that for two integers p > q ≥ 2, such
that q is a divisor of p, two orbifold line topologies
described by these integers will share some of the
pairs of matching circles. The n = 1 pair of the
p-orbifold, however, is never shared with the q-
orbifold. This pair has the largest separation and
opening angles of all the p-orbifold pairs, and we
refer to it as the largest pair.
B. Score for Detecting Circles
We test the match between the temperature pro-
files along two circles using the standard statistic,
as in [5, 7, 14]. For each p, we focus on the largest
pair of matching circles, n = 1, and consider all
line directions and orientations such that the circle-
centers directions satisfy
nˆ1 · nˆ2 = cos θ(1)p . (6)
Since this pair has more pixels than other pairs,
we expect it to yield a larger signal-to-noise ratio
(S/N). In addition, we enumerate on all opening
angles 25◦ ≤ α ≤ 90◦ in 0.25◦ resolution. The
distance to the line r0 for each α is then determined
by (5). Therefore, for given p, α we use the statistic
Sp(α) = max
2
∑
mmT1,mT2,m∑
mm (|T1,m|2 + |T2,m|2)
, (7)
where Ti,m is the Fourier transform of the tem-
perature profile along the circle centered around
nˆi with opening angle α, according to Ti(φ) =
3FIG. 2: An illustration of the matching circles in the CMB of an orbifold line at a distance of r0 = 0.6r∗, for p = 3
(left) and p = 5 (right). The fixed line is shown by a thick red line. The pair of black circles is the largest pair
(largest separation and opening angles), and matching points along the circles are indicated in matching colors.
For p = 5 there is another pair of matching circles, shown in blue.
∑
m Ti,me
imφ, and the maximization is over all
nˆ1, nˆ2 satisfying (6). The relative phase between
the circles is chosen such that T1(φ = 0) and
T2(φ = 0) correspond to identified points.
The score Sp(α), however, is boosted for some
portion of the α-axis. As was noted in [7], this
boost is a result of the intersection of the two cir-
cles due to the automatic match between segments
of the circles. In the case of an orbifold line it oc-
curs when r0 < r∗. In fact, this effect is more
prominent when the circles osculate rather than
intersect, at r0 ∼ r∗, even when the line is outside
the LSS.
In order to address this issue we give less weight
to parts of the circles that are close to each other.
To do so we multiply the temperature profiles
along the two circles by a weight function
Wd(γ) =
1
2
[tanh(γ − d) + 1] , (8)
where γ is the angular distance between two cor-
responding points on the circles, and d = 2.5◦.
We apply this weight function before Fourier trans-
forming the temperature profiles.
III. RESULTS
For the analysis in this paper we use the WMAP
temperature maps [23, 24]. Our primary analy-
sis is carried out on a map that consists of the 7-
year foreground reduced W-band map outside the
galactic mask Kp12 (covering ∼ 6% of the sky),
and the 7-year internal linear combination (ILC)
map inside the mask. In addition, we compare
some of the results with the 3, 5 and 9-year data,
as explained below.
As mentioned in §II A, the circles have a char-
acteristic width of ∼ 1◦. Therefore, in order to
maximize the S/N for detecting a pair of matching
circles, we smooth the combined W and ILC map
with a Gaussian beam of 1◦ FWHM. The max-
imization over the directions nˆ1, nˆ2 is performed
using a HEALPix [25] Nside = 128 search grid.
The score Sp(α) for the 7-year data is shown in
Fig. 3 for p = 2, . . . , 10, with a 95% confidence
level (CL) line, calculated using Monte-Carlo sim-
ulations. We see that 31 peaks cross the CL line.
However, we expect 5% of all independent evalu-
ations of Sp(α) to cross the 95% CL line. Since
our map is smoothed to a 1◦ scale and we test 9
values of p, the number of random peaks expected
to cross the CL line for the range 25◦ ≤ α ≤ 90◦ is
∼ 65 × 9 × 0.05 ≃ 30. Thus the number of peaks
crossing the line is not anomalous.
However, one peak is very high. The peak in
the p = 8 plot at α = 39.9◦ is distinct, yielding
S8(39.9
◦) = 0.455, and worth investigating. This
peak is caused by a pair of circles centered around
(l1, b1) = (128
◦,−10◦) and (l2, b2) = (349◦,−10◦),
as shown in Fig. 4, and corresponds to an orbifold
line located in direction (l, b) = (58◦,−27◦), at a
distance r0 = 2.005r∗ away from us, outside the
observable universe.
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FIG. 3: The score Sp(α) for p = 2, . . . , 10 and for 25
◦
≤ α ≤ 90◦. The vertical dashed red line designates r0 = r∗
for each p, except for the p = 2 case, in which r0 = r∗ corresponds to α = 0. The top x-axis is the distance to the
line r0/r∗, related to the opening angle α (bottom x-axis) by (5). The blue line is the 95% CL. The number of
peaks crossing the 95% CL is not anomalous, as we expect 5% of all the Sp(α) evaluations to cross it. S8(39.9
◦),
however, is high and worth further investigation.
5FIG. 4: The two circles that correspond to the high
peak in the p = 8 plot. The temperature map in the
background is the foreground reduced W-band map
outside the galactic mask Kp12 (shaded area) and the
ILC map inside the mask. The map is smoothed to 1◦.
As previously stated, this peak might also be
attributed to an orbifold line topology with p′ =
8m where m > 1 is an integer, in which case this
pair of circles would not be the largest pair. We
therefore check the largest pairs of m = 2, . . . , 10
with the direction and distance to the line as above,
and α according to (5). In all cases, Sp′(α) < 0.08,
meaning that this peak can only be attributed to a
p = 8 orbifold line. Additionally, we note that for
p = 8 there will be a second pair only if r0 <
√
2r∗,
which is clearly not satisfied for this peak.
Before we estimate the significance of the peak,
we first examine whether the match between the
circles is due to some specific patches in them.
Such a behavior would be inconsistent with the
orbifold line model. For this sake, we plot in Fig. 5
the match profile T1(φ)T2(−φ) as a function of the
phase φ along the circles. We see that the product
of the two temperature profiles is not dominated
by a single patch, rather it consists of many con-
tributions of similar amplitudes. In addition we
superimpose the product of the Kp12 mask pro-
files along the same circles, smoothed to 3◦. While
the strongest contribution of the match profile is
inside the mask, it does not contribute crucially to
the score. Indeed, if we zero the temperature of the
pixels responsible for this contribution and recalcu-
late the score, we find that it changes in only 2.5%.
We conclude that the match profile test does not
rule out the possibility that this candidate match
is due to an orbifold line topology.
In order to evaluate the significance of the peak
we compare it to random realizations. We sim-
ulate random maps taking into account the noise
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FIG. 5: The temperature match profile T1(φ)T2(−φ)
(black) and the mask values product profile (red) of the
circle pair associated with the high peak in S8(α). It
can be seen that there is no single patch that dominates
the match, but rather many contributions of similar
amplitudes.
properties of WMAP. We generate an initial fluctu-
ations map from the WMAP 7-year best fit power
spectrum in the multipole range 2 ≤ ℓ ≤ 1024, at
HEALPix resolutionNside = 512. We then smooth
it with a Gaussian beam of 0.22◦ FWHM, corre-
sponding to the resolution of the W-band. Next,
we add Gaussian noise, uncorrelated between pix-
els, with the same variance as that of the WMAP
data. Finally, we smooth the map to a 1◦ resolu-
tion to match our data map.
We generate 90,000 random maps and calculate
S8(39.9
◦) for each map. We find that only one
simulation gets a higher score than the WMAP7
data. This corresponds to a 4.4σ anomaly. To
take the “look elsewhere” effect into account, we
multiply this p-value by the number of independent
evaluations in our search grid and get 10−5× 65×
9 ∼ 2.75σ. We can therefore say that for the 7-
year data, the best candidate for a matching pair
is marginally significant.
We would like to check whether this candidate
appears also in the 3, 5 and recently published 9-
year data of WMAP. We calculate S8(39.9
◦) for
the combined W+ILC map of each data release.
Compared with the 0.455 score of the 7-year data,
we get 0.442, 0.448 and 0.439 for the 3, 5 and 9-year
data, respectively. We plot the results, along with
the histogram of the random simulations, in Fig. 6.
Thus, in all data releases this peak is observed and
is fairly high. However, while the score increases
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FIG. 6: The score S8(39.9
◦) for the 3, 5, 7 and 9-year
data, along with a histogram of the random simula-
tions.
ILC7 ILC9 Zeros
W7
0.455 0.442 0.430
(4.39σ) (3.86σ) (3.48σ)
W9
0.452 0.439 0.427
(4.23σ) (3.82σ) (3.38σ)
TABLE 1: A summary of S8(39.9
◦) for a few combi-
nations of the 7 and 9-year WMAP data. The row
designates the map used outside the Kp12 mask, and
the column states the data filling the mask.
for years 3, 5 and 7, as expected since the noise
decreases for longer observation times, the 9-year
score is the lowest. This motivates us to investigate
further the source for this unexpected drop.
With this aim in mind, we wish to trace the dis-
crepancy and to check whether it originates from
the W-band map, or the ILC substitution inside
the Kp12 mask. We do so by testing the score of
the peak using the 9-year W-band map with the
7-year ILC inside the Kp12 mask, and vice versa.
The results, summarized in Table 1, indicate that
when we simply replace the data inside the mask
from the 7-year ILC to the 9-year ILC, the score
already drops significantly, and almost reaches its
W9+ILC9 value. On the other hand, when testing
the W9 map with the ILC7 inside the mask, the
score drops by less than 0.5% with respect to its
W7+ILC7 value.
These results imply that the source of the drop
in the score between the 7 and 9-year datasets
may be the 9-year ILC map and not the W-band
map. Looking at the ILC9 map askance, we test if
the strong signal is still found in the W-band map
alone. Instead of using the ILC map, we now re-
place the data inside the Kp12 mask with zeros be-
fore evaluating the score. The results, also shown
in Table 1, indicate that the contribution to the
score from outside the mask is nearly unchanged
(0.7%) between the 7 and 9-year data. This sup-
ports our conclusion that the bulk of the signal is
in the W-band map, and does not originate from
the less reliable galactic plane area, while the drop
in the score is mainly due to the ILC9 map.
Finally, as this work was being reviewed, the
data from the Planck surveyor has become pub-
licly available [26]. While this new and extensive
dataset deserves a complete analysis on its own
right, we have felt it necessary to check the can-
didate S8(39.9
◦) on the SMICA map of Planck as
well. Using the SMICA map, smoothed to 1◦ res-
olution, we get a score of 0.37, rendering this can-
didate insignificant. In this dataset, the peak that
appeared in the p = 8 plot for WMAP 7-year data
does not show up.
IV. DISCUSSION
In this work we have extended our previous
search for a stringy topology [14] and considered
an orbifold line. We have used the standard statis-
tic (7) from e.g. [7] to test the WMAP data for
matching circles, as evidence for such a topology.
Expecting the characteristic width of the circles to
coincide with the thickness of the LSS, we have
smoothed the data to a 1◦ scale in order to maxi-
mize the S/N for detection.
Testing for topologies with p = 2, . . . , 10, we
have found a single candidate in the 7-year data,
with p = 8, in direction (l, b) = (58◦,−27◦) and at
a distance 2.005r∗ away. This candidate appears
to be locally significant, at the 4.4σ level, and tak-
ing into account the “look elsewhere” effect only
marginally significant at the 2.75σ level. In other
data releases of WMAP this candidate gets a high
score as well. However, while for the 3, 5 and 7-
year releases the score increases, the 9-year score
is lower. We attribute this drop in the score to the
data coming from the ILC9 map, from inside the
galactic Kp12 mask, and not to the W-band data,
outside the mask.
While the tension between these results and the
7assumption of a trivial topology is not high, the
score for the candidate match found in the WMAP
data does not allow us to rule out an orbifold line
topology with p = 8 using this dataset alone. How-
ever, testing the SMICA map of Planck shows no
anomalous peak with p = 8. Therefore, inclusion
of the Planck dataset allow us to rule out all of the
p = 2, . . . , 10 parameter space, constraining the al-
lowed parameters for the model of an orbifold line
topology to beyond this range.
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